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ScienceDirect
WK&,53&RQIHUHQFHRQ0RGHOOLQJRI0DFKLQLQJ2SHUDWLRQV
$ILQLWHHOHPHQWVLPXODWLRQIRURUWKRJRQDOFXWWLQJRI8'&)53
LQFRUSRUDWLQJDQRYHOILEUHPDWUL[LQWHUIDFHPRGHO
 $OHVVDQGUR$EHQDD6HLQ/HXQJ6RRD.KDPLV(VVDD 
D6FKRRORI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI%LUPLQJKDP(GJHEDVWRQ%LUPLQJKDP%778QLWHG.LQJGRP
&RUUHVSRQGLQJDXWKRU7HO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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Abstract 
7KHUDSLGLQFUHDVHLQLQGXVWULDOXWLOLVDWLRQRIFDUERQILEUHUHLQIRUFHGSODVWLF&)53FRPSRVLWHVLQUHFHQW\HDUVKDVOHGWRJURZLQJLQWHUHVWLQ
QXPHULFDO PRGHOOLQJ RI PDWHULDO EHKDYLRXU DQG GHIHFW IRUPDWLRQZKHQ PDFKLQLQJ &)53 7KH LQKRPRJHQHRXVDQLVRWURSLF QDWXUH RI &)53
KRZHYHUSUHVHQWVFRQVLGHUDEOHFKDOOHQJHV LQDFFXUDWHO\PRGHOOLQJZRUNSLHFHGHIHFWV VXFKDVGHERQGLQJEHWZHHQ WKHPDWUL[DQG ILEUHSKDVH
IROORZLQJFXWWLQJRSHUDWLRQV0XFKRIWKHSXEOLVKHGOLWHUDWXUHKDVLQYROYHGWKHXVHRI]HURWKLFNQHVVFRKHVLYHHOHPHQWVWRUHSUHVHQWWKHILEUH
PDWUL[LQWHUIDFHGHVSLWHWKHLQDELOLW\RIVXFKHOHPHQWVWRPRGHOFRPSUHVVLYHVWUHVVHV7KLVSDSHUGHWDLOVDQHZDSSURDFKIRUFKDUDFWHULVLQJWKH
LQWHUIDFHUHJLRQ LQD WZRGLPHQVLRQDOH[SOLFLW ILQLWHHOHPHQWVLPXODWLRQZKHQRUWKRJRQDOPDFKLQLQJXQLGLUHFWLRQDO 8'&)53ODPLQDWHV$
FRKHVLYH]RQHPRGHOEDVHGRQD WUDFWLRQVHSDUDWLRQ ODZLVDSSOLHG WRVPDOO WKLFNQHVVPLQWHUIDFHHOHPHQWV LQRUGHU WRDFFRPPRGDWH
FRPSUHVVLYHIDLOXUHZKLFKLVLPSOHPHQWHGYLDDEHVSRNHXVHUVXEURXWLQH)LEUHIUDFWXUHLVEDVHGRQDPD[LPXPSULQFLSDOVWUHVVFULWHULRQZKLOH
HODVWLFSODVWLFEHKDYLRXUWRIDLOXUHLVXVHGWRUHSUHVHQWPDWUL[GDPDJH7KHLQIOXHQFHRIYDU\LQJILEUHRULHQWDWLRQVRQSUHGLFWHG
FXWWLQJDQGWKUXVWIRUFHVZHUHYDOLGDWHGDJDLQVWSXEOLVKHGH[SHULPHQWDOGDWD:KLOHWKHIRUPHUZDVJHQHUDOO\ZLWKLQRIH[SHULPHQWDOGDWD
IRUZRUNSLHFHVZLWKDQGILEUHGLUHFWLRQVSUHGLFWHGWKUXVWIRUFHVZHUHW\SLFDOO\XQGHUHVWLPDWHGE\a7KHFRUUHVSRQGLQJFKLS
IRUPDWLRQPHFKDQLVPVDQGVXEVXUIDFHGDPDJHGXH WR WKHGLIIHUHQWPDWHULDOSKDVHVZHUHDOVR LQYHVWLJDWHG7KHSURSRVHGPRGHOZDVDEOH WR
SUHGLFWFRPSRVLWHEHKDYLRXUDQGGHIHFWIRUPDWLRQWKDWZDVFRPSDUDEOHWRH[SHULPHQWDOKLJKVSHHGFDPHUDLPDJHVRXWOLQHGLQWKHOLWHUDWXUH

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RI7KH,QWHUQDWLRQDO6FLHQWLILF&RPPLWWHHRIWKH³WK&RQIHUHQFHRQ0RGHOOLQJRI0DFKLQLQJ2SHUDWLRQV´
.H\ZRUGV0DFKLQLQJ2UWKRJRQDOFXWWLQJ&DUERQILEUHUHLQIRUFHGSRO\PHU&)53,QWHUIDFHPRGHOOLQJ&RKHVLYHEHKDYLRXU
1. Introduction 
)LEUH UHLQIRUFHG SODVWLF )53 FRPSRVLWH PDWHULDOV DUH
LQFUHDVLQJO\ EHLQJ XVHG LQ KLJK SHUIRUPDQFH DSSOLFDWLRQV
ZLWKLQYDULRXV LQGXVWULDOVHFWRUVPDLQO\GXH WR WKHLUVXSHULRU
SURSHUWLHV LQ WHUPV RI VSHFLILF VWUHQJWKVWLIIQHVV FRUURVLRQ
UHVLVWDQFH GDPDJH WROHUDQFH UHVLVWDQFH WR IDWLJXH DVZHOO DV
WKHUPDO DQG DFRXVWLF LQVXODWLRQ SRZHU ZKHQ FRPSDUHG WR
FRQYHQWLRQDO PDWHULDOVDOOR\V $GGLWLRQDOO\ FRPSRVLWH
VWUXFWXUHV FDQ JHQHUDOO\ EH GHVLJQHG WR VSHFLILF ORDGLQJ
FRQILJXUDWLRQVZLWKIHZHUSDUWVOHDGLQJWRHDVLHUDVVHPEO\RI
WKHV\VWHP'HVSLWH WKHDELOLW\IRUQHDUQHW VKDSH IDEULFDWLRQ
PDFKLQLQJ RI FRPSRVLWH FRPSRQHQWV UHPDLQ QHFHVVDU\ IRU
UHPRYLQJ H[FHVV PDWHULDO LQ RUGHU WR PHHW JHRPHWULFDO
WROHUDQFHV RU SURGXFWLRQ RI KROHV IRU MRLQLQJ +RZHYHU LQ
FRQWUDVW WR PHWDOOLFV WKH LQKRPRJHQHRXV DQG DQLVRWURSLF
QDWXUH RI FRPSRVLWH PDWHULDO SURSHUWLHV SUHVHQWV GLIIHUHQW
FKDOOHQJHV LQ WHUPV RI PDFKLQDELOLW\ )RU H[DPSOH FRPPRQ
GHIHFWV DULVLQJ IURP LQDSSURSULDWH PDFKLQLQJ RI FRPSRVLWH
SDUWV LQFOXGH ZRUNSLHFH GHODPLQDWLRQ PDWUL[ FUDFNLQJ ILEUH
IUDFWXUHSXOORXW PDWUL[ EXUQLQJ DQG ILEUHPDWUL[ GHERQGLQJ
7KHSUHVHQFHRIVXFKIODZVFDQFRPSURPLVHVXUIDFHLQWHJULW\
DQGOHDGWRSRRUFRPSRQHQWLQVHUYLFHSHUIRUPDQFH
,Q RUGHU WR PLQLPLVHHOLPLQDWH ZRUNSLHFH GDPDJH
IROORZLQJPDFKLQLQJ FRQVLGHUDEOH UHVHDUFK KDV EHHQ FDUULHG
RXW HQFRPSDVVLQJ H[SHULPHQWDO LQYHVWLJDWLRQV HPSLULFDO DQG
DQDO\WLFDO PRGHOOLQJ WRJHWKHU ZLWK FRPSXWDWLRQDOQXPHULFDO
VLPXODWLRQV LQ SDUWLFXODU ILQLWH HOHPHQW )( PHWKRGV
$OWKRXJK SURYLGLQJ XVHIXO GDWD DQG SURFHVV LQVLJKW
H[SHULPHQWDO OHG VWXGLHV DUH JHQHUDOO\ H[SHQVLYH DQG WLPH
FRQVXPLQJ ZLWK FRQVLGHUDEOH KHDOWK DQG VDIHW\ ULVNV GXH WR
SRWHQWLDO LQKDODWLRQ RI UHVXOWLQJ ILEUH GHEULV 7KH SULPDU\
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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VKRUWFRPLQJ RI HPSLULFDO PRGHOV LV WKDW WKH\ DUH RQO\ YDOLG
ZLWKLQWKHRSHUDWLRQDOZLQGRZRIWKHDVVRFLDWHGH[SHULPHQWDO
WULDOV DQGJHQHUDOO\GRQRW DFFRXQW IRU WKH HIIHFWV RI SURFHVV
PHFKDQLVPV 6LPLODU GLVDGYDQWDJHV DUH HYLGHQW LQ DQDO\WLFDO
PRGHOVZKLFKDUHW\SLFDOO\EDVHGRQVLPSOLI\LQJDVVXPSWLRQV
WKDWGRQRW IXOO\FDSWXUH WKH LQIOXHQFHRISURFHVVSDUDPHWHUV
,QFRQWUDVWFRPSXWDWLRQDOEDVHGPRGHOVDOORZWKHVLPXODWLRQ
RIPDFKLQLQJRSHUDWLRQVDWYDU\LQJGHJUHHVRIFRPSOH[LW\DQG
RIIHU WKH RSSRUWXQLW\ WR VWXG\ DVSHFWV RI WKH SURFHVV WKDW
ZRXOG RWKHUZLVH EH GLIILFXOW WR HYDOXDWH H[SHULPHQWDOO\ HJ
WHPSHUDWXUHV RU VWUHVVHV DW WKH SULPDU\ DQG VHFRQGDU\ VKHDU
]RQHV+RZHYHU WKH VFDOHDQGDFFXUDF\RI VXFKVLPXODWLRQV
FDQ EH OLPLWHG E\ FRPSXWDWLRQDO FRVW ZLWK SUHGLFWHG UHVXOWV
UHTXLULQJYHULILFDWLRQDJDLQVWH[SHULPHQWDOGDWD
$ ZLGH UDQJH RI SDUDPHWHUV PXVW EH FRQVLGHUHG ZKHQ
GHYHORSLQJ D )( VLPXODWLRQ RI PDFKLQLQJ FRPSRVLWHV ZLWK
WKHPRGHOVFDOHKDYLQJDVLJQLILFDQWLQIOXHQFHRQIDFWRUVVXFK
DVPDWHULDOEHKDYLRXUDQGIDLOXUHPHFKDQLVPV>@,QJHQHUDO
UHVHDUFKWRGDWHKDVODUJHO\IRFXVHGRQPRGHOOLQJDWHLWKHUWKH
PDFURVFRSLF RU PLFURVFRSLF OHQJWK VFDOHV 7KH IRUPHU KDV
EHHQ H[WHQVLYHO\ HPSOR\HG RYHU WKH SDVW  \HDUV ZLWK
SURSHUWLHVRI WKHFRPSRVLWHZRUNSLHFHXVXDOO\ UHSUHVHQWHG LQ
WHUPV RI DQ HTXLYDOHQW KRPRJHQHRXV PDWHULDO (+0 7KH
WHFKQLTXH LV DSSOLHG DW WKH PDFURVFDOH ZKHUH WKH FRPSRVLWH
PDWHULDO LV FRQVLGHUHG DV DQ DQLVRWURSLF DQG KRPRJHQHRXV
HQWLW\ 0DFURVFRSLF PRGHOV SURYLGH UHVXOWV UHJDUGLQJ EXON
FKLS IRUPDWLRQEXW LJQRUH LQWHUDFWLRQV EHWZHHQ WKH ILEUH DQG
PDWUL[ZKLFKLVLPSRUWDQWWRXQGHUVWDQGGHIHFWIRUPDWLRQDQG
SURSDJDWLRQ DV ZHOO DV WKH PDWHULDO EHKDYLRXU GXULQJ
PDFKLQLQJ RSHUDWLRQV > @7KH(+0DSSURDFKKRZHYHU LV
UHODWLYHO\ VWUDLJKWIRUZDUG WR LPSOHPHQW DW UHDVRQDEOH
FRPSXWDWLRQDO FRVW &RQYHUVHO\ WKH PLFURVFRSLF VLPXODWLRQ
PHWKRGRORJ\LVSHUIRUPHGDWWKHOHYHORIWKHGLIIHUHQWPDWHULDO
SKDVHV ILEUHPDWUL[ LQWHUIDFH HDFKRIZKLFK DUHPRGHOOHG
VHSDUDWHO\6WUHVVVWUDLQDQGGHIRUPDWLRQ LQ WKH ILEUHPDWUL[
DQGILEUHPDWUL[LQWHUIDFHFDQEHDQDO\VHG:KLOHWKLVHQDEOHV
D FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH FXWWLQJ PHFKDQLFV
VXFK PRGHOV DUH VLJQLILFDQWO\ PRUH FRPSOH[ DQG UHTXLUH
JUHDWHUFRPSXWDWLRQDOUHVRXUFHV
*HQHUDOO\ ERWK DSSURDFKHV FDQ EH LPSOHPHQWHG
VLPXOWDQHRXVO\ ZLWKLQ D VLQJOH PRGHO :RUNSLHFH PDWHULDO
QHDU WKH WRRO FDQ EH GHILQHG DFFRUGLQJ WR WKH PLFUR
PHFKDQLFDO PRGHO ZKLOH WKH (+0 SURFHGXUH LV XVHG WR
GHVFULEHPDWHULDOIXUWKHUDZD\IURPWKHFXWWLQJ]RQHLQRUGHU
WR UHGXFH FRPSXWDWLRQDO FRVW RI WKH DQDO\VLV &RPSDUHG WR
SXUH (+0 PRGHOV OLWHUDWXUH DYDLODEOH GHWDLOLQJ WKH K\EULG
DSSURDFK LV OLPLWHG $ TXDVLVWDWLF VLPXODWLRQ LQYROYLQJ WKH
RUWKRJRQDO FXWWLQJ RI8')53 DW GLIIHUHQW ILEUH RULHQWDWLRQV
DQGPDFKLQLQJSDUDPHWHUVZDVGHYHORSHGE\5DRHWDO>@
+HUH D WRRO GLVSODFHPHQW ERXQGDU\ FRQGLWLRQ ZDV VSHFLILHG
DOWKRXJK WKHPRGHO ZDV OLPLWHG RQO\ WR SUHGLFWLQJ IDLOXUH DW
WKHILUVWILEUHYLDDQLWHUDWLYHDSSURDFKDQGWKHUHIRUHXQDEOHWR
VLPXODWH FKLS IRUPDWLRQ SURJUHVVLRQ 8QOLNH TXDVLVWDWLF
DQDO\VHV G\QDPLF VLPXODWLRQV FDQ SUHGLFW WKH IDLOXUH
PHFKDQLVP DQG LOOXVWUDWHPDWHULDO EHKDYLRXU GXULQJ WKH FKLS
IRUPDWLRQSURFHVV >@ ,Q VXFKFDVHV DERXQGDU\FRQGLWLRQ
EDVHGRQWRROYHORFLW\LVW\SLFDOO\LPSOHPHQWHG
:KHQ HPSOR\LQJ WKH PLFURPHFKDQLFDO PRGHOOLQJ
DSSURDFK WKH PDWUL[ILEUH ERXQGDU\ FDQ EH FRQVLGHUHG
VHSDUDWHO\ DOORZLQJ WKH VLPXODWLRQ DQG HYDOXDWLRQ RI
GHERQGLQJ DW WKH LQWHUIDFH +RZHYHU LQ RUGHU WR UHDOLVH
DFFXUDWH SUHGLFWLRQV RI ZRUNSLHFH VXEVXUIDFH GDPDJH
IROORZLQJ PDFKLQLQJ D PRGHO FDSDEOH RI FRUUHFWO\
UHSUHVHQWLQJ WKH LQWHUIDFLDO EHKDYLRXU KDV WR EH XWLOLVHG
&RKHVLYH HOHPHQWV EDVHG RQ D WUDFWLRQVHSDUDWLRQ ODZ DUH
QRUPDOO\XVHGWRVLPXODWHYHU\WKLQDGKHVLYHOD\HUVRIERQGHG
VXUIDFHV ZLWK WKH PDMRULW\ RI UHVHDUFKHUV HPSOR\LQJ D
WKLFNQHVVYDOXHRI]HUR>@7KHGUDZEDFNRILQFRUSRUDWLQJ
FRKHVLYHHOHPHQWVZLWK]HURWKLFNQHVVLVWKDWWKH\FDQRQO\EH
VXEMHFW WR WHQVLOH RU VKHDU GDPDJH DQG FDQQRW XQGHUJR
FRPSUHVVLYH IDLOXUH DV DQ\ FRPSUHVVLYH ORDG ZLOO JHQHUDWH
H[FHVVLYH HOHPHQW GLVWRUWLRQ $Q DOWHUQDWLYH DSSURDFKZKHUH
WKLFNQHVV RI WKH DGKHVLYH SKDVH LV UHSUHVHQWHG E\ D ILQLWH
YDOXH DOORZV FRPSUHVVLYH IDLOXUH WR EH PRGHOOHG 7KLV
PHWKRGRORJ\ ZDV HPSOR\HG E\ &DO]DGD HW DO >@ DQG
GHPRQVWUDWHG WKH DELOLW\ RI FRKHVLYH HOHPHQWV WR RSHUDWH
XQGHUFRPSUHVVLYHORDGVDOWKRXJKWKHUHZDVQRH[SHULPHQWDO
YDOLGDWLRQRXWOLQHGUHODWLQJWRWKHGHERQGLQJPHFKDQLVP
7KHFXUUHQWSDSHUGHWDLOVZRUNRQWKHGHYHORSPHQWRID'
)( VLPXODWLRQ LQFRUSRUDWLQJ D QRYHO ILEUHPDWUL[ LQWHUIDFH
UHODWLRQVKLS IRU WKH RUWKRJRQDO FXWWLQJ RI &)53$ FRKHVLYH
]RQHPRGHOEDVHGRQDWUDFWLRQVHSDUDWLRQODZZDVDSSOLHGWR
VPDOO WKLFNQHVV  P LQWHUIDFH HOHPHQWV LQ RUGHU WR
DFFRPPRGDWH FRPSUHVVLYH IDLOXUH ZKLFK ZDV LPSOHPHQWHG
YLDDEHVSRNHXVHUVXEURXWLQH
2. Finite element model development 
 0RGHOGHWDLOV
$')(VLPXODWLRQRIRUWKRJRQDOFXWWLQJ8'&)53ZDV
IRUPXODWHGXVLQJWKHFRPPHUFLDOVRIWZDUH$%$486([SOLFLW
ZLWK WKH ZRUNSLHFH EHKDYLRXU UHSUHVHQWHG E\ D FRPELQHG
PLFURPHFKDQLFDO DQG(+0PDWHULDOPRGHO 7KH IRUPHUZDV
DSSOLHG WR HOHPHQWV QHDU WKH YLFLQLW\ RI WKH WRRO ZKLOH WKH
ODWWHUZDVGHILQHGIRUWKHUHPDLQLQJEXONPDWHULDOLQRUGHUWR
LQWURGXFH DGHTXDWH VWLIIQHVV LQ WKH FXWWLQJ GLUHFWLRQ ZKLOH
UHGXFLQJFRPSXWDWLRQDOFRVWRIWKHDQDO\VLV7KH)(PRGHOLQ
LWV LQLWLDO XQGHIRUPHG FRQILJXUDWLRQ WRJHWKHU ZLWK DVVRFLDWHG
ERXQGDU\FRQGLWLRQVLVVKRZQLQ)LJ


)LJ,QLWLDOXQGHIRUPHG)(PRGHOZLWKERXQGDU\FRQGLWLRQV
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$VWKH(+0VHFWLRQRI WKHZRUNSLHFHGRHVQRWFRPH LQWR
FRQWDFW WKH WRRO LW ZDV GHILQHG DV DQ DQLVRWURSLF
KRPRJHQHRXVPDWHULDOZLWK SXUH HODVWLF EHKDYLRXU+RZHYHU
DW WKH FXWWLQJ ]RQH WKH PDWUL[ ILEUH DQG LQWHUIDFH ZHUH
VLPXODWHG DV LQGLYLGXDO SKDVHV ZLWK GLIIHUHQW FRQVWLWXWLYH
UHVSRQVH DQG IDLOXUH PRGHOV 7KH EHKDYLRXU RI WKH HSR[\
PDWUL[ LV FRPSOH[ EHLQJ KLJKO\ GHSHQGHQW RQ VWUDLQ UDWH
WHPSHUDWXUH DQG ORDGLQJ FRQGLWLRQ 7KLV FDQ XVXDOO\ EH
VLPSOLILHGDQGUHSUHVHQWHGE\DVWDWLFVWUHVVVWUDLQFXUYHLIWKH
FXWWLQJ VSHHG LV VXIILFLHQWO\ ORZ ,Q WKH SUHVHQW ZRUN WKH
FXWWLQJVSHHGYFLVIL[HGDWPPLQZLWKWKHHSR[\PDWUL[
FKDUDFWHULVHG DFFRUGLQJ WR D VWDWLF FRPSUHVVLYH VWUHVVVWUDLQ
UHODWLRQVKLSDWURRPWHPSHUDWXUH>@,WZDVGHVFULEHGDVDQ
HODVWLFSODVWLF FXUYH WR IDLOXUH ZKHUH WKH SODVWLF UHJLRQ LV
GHILQHGE\ WKHPHDQ9RQ0LVHV\LHOGFULWHULRQDQG LVRWURSLF
KDUGHQLQJ:KHQ WKH 9RQ0LVHV VWUHVV UHDFKHV WKH XOWLPDWH
VWUHVVOHYHOWKHHOHPHQWLVGHHPHGWRKDYHIDLOHG
,Q FRQWUDVW FDUERQ ILEUHV H[SHULHQFHEULWWOHPRGHGDPDJH
DQG KHQFH ZHUH VLPXODWHG DV WUDQVYHUVHO\ LVRWURSLF DQG
SHUIHFWO\HODVWLFWRIDLOXUH7KLVZDVGHVFULEHGE\DPD[LPXP
SULQFLSDOVWUHVVFULWHULRQWKDWZDVLPSOHPHQWHGWKURXJKDXVHU
GHILQHG ILHOG 986')/' VXEURXWLQH :KHQ WKH PD[LPXP
FRPSUHVVLYHWHQVLOHSULQFLSDOVWUHVVLQDQHOHPHQWH[FHHGVWKH
ILEUH FRPSUHVVLYHWHQVLOH VWUHQJWK OLPLW LW LV FRQVLGHUHG WR
KDYH IDLOHG 8QOLNH WKH HSR[\ PDWUL[ WKH FDUERQ ILEUH ZDV
PRGHOOHG DV VWUDLQ UDWH LQGHSHQGHQW > @ 7KH WKLUG SKDVH
UHODWLQJ WR WKH PDWUL[ILEUH LQWHUIDFH LV IXUWKHU GHWDLOHG LQ
6HFWLRQ  7KH FXWWLQJ WRRO ZDV VLPXODWHG DV D ULJLG ERG\
GXHWRLWVHODVWLFPRGXOXVEHLQJFRQVLGHUDEO\KLJKHUFRPSDUHG
WRWKHFDUERQILEUHDQGHSR[\PDWUL[
:KLOH SODQH VWUDLQ DSSUR[LPDWLRQ LV W\SLFDOO\ XWLOLVHG IRU
VLPXODWLRQVLQYROYLQJRUWKRJRQDOPDFKLQLQJRIKRPRJHQHRXV
PDWHULDOV WKH VXEVWDQWLDO RXW RI SODQH GLVSODFHPHQWV ZKHQ
FXWWLQJFRPSRVLWHVIDYRXUWKHXVHRISODQHVWUHVVDQDO\VLV>@
&RQWDFW FRQGLWLRQV ZHUH GHILQHG EHWZHHQ HDFK ILEUH DQG
DGMDFHQW PDWUL[ SKDVHV DV ZHOO DV EHWZHHQ WZR FRQVHFXWLYH
ILEUHV ZKLFK ZHUH DFWLYDWHG XVLQJ WKH FRQWDFW SHQDOW\
DOJRULWKP )ULFWLRQDO SURSHUWLHV RI WKH ZRUNSLHFH PDWHULDO
ZHUH UHSUHVHQWHG E\ WKH &RXORPE PRGHO ZKHUH WKH IULFWLRQ
FRHIILFLHQWYDULHGGHSHQGLQJRQWKH ILEUHRULHQWDWLRQLH
 DQG  IRU ILEUH GLUHFWLRQV RI   DQG 
UHVSHFWLYHO\$WLHFRQVWUDLQWZDVGHILQHGWRLQLWLDOO\ERQGDOO
RIWKHLQGLYLGXDOSKDVHV7KHZRUNSLHFHPHVKFRPSULVHGIRXU
QRGHSODQHVWUHVVHOHPHQWVZLWKUHGXFHGLQWHJUDWLRQ&365
IRU WKH PDWUL[ ILEUH DQG (+0 SKDVHV ZKLOH &2+'
FRKHVLYH HOHPHQWV ZHUH HPSOR\HG IRU WKH PDWUL[ILEUH
LQWHUIDFH VHFWLRQV ,Q DGGLWLRQ WULDQJXODU HOHPHQWV ZHUH
XWLOLVHG LQ WKH(+0 UHJLRQ IRUPHVK WUDQVLWLRQ 7KH HOHPHQW
VL]H LQ WKH PLFURPHFKDQLFDO ]RQH ZDV  P ZKLOH IRU WKH
(+0DUHDHOHPHQWGLPHQVLRQV LQFUHDVHGZLWKGLVWDQFHIURP
WKHFXWWLQJ]RQH7KHFXWWLQJSDUDPHWHUVDQGFRPSRVLWH ILEUH
RULHQWDWLRQVXVHGLQWKHVLPXODWLRQVDUHGHWDLOHGLQ7DEOH
7DEOH0DFKLQLQJSDUDPHWHUVDQGPDWHULDOILEUHRULHQWDWLRQV
7RROJHRPHWU\ PFXWWLQJHGJHUDGLXV
FOHDUDQFHDQJOHUDNHDQJOH
&XWWLQJVSHHG
'HSWKRIFXW
)LEUHRULHQWDWLRQV
PPPLQ
P

 &RKHVLYH]RQHPRGHOOLQJ
7KH LQWHUIDFH UHJLRQ EHWZHHQ WKHPDWUL[ DQG ILEUH FDQ EH
PRGHOOHG DV D GLVFUHWH SKDVH LQFRUSRUDWLQJ VHSDUDWH
FRQVWLWXWLYH UHODWLRQVKLS DQG GDPDJH FULWHULD )DLOXUH RI WKH
LQWHUIDFH HOHPHQWV FDQ WKHUHIRUH EH XVHG WR UHSUHVHQW
GHERQGLQJEHWZHHQ WKHPDWUL[DQGILEUHSKDVHV LQFRPSRVLWH
PDWHULDOV VXEMHFW WRPDFKLQLQJRSHUDWLRQV7KH WZRSULQFLSDO
WHFKQLTXHV IRU LQWURGXFLQJ LQWHUIDFHDGKHVLYH SKDVHV LQ D
QXPHULFDO PRGHO DUH HLWKHU E\ LPSOHPHQWLQJ D FRQWLQXXP
GHVFULSWLRQ RI WKH PDWHULDO RU GHILQLQJ D WUDFWLRQVHSDUDWLRQ
ODZ ZLWKLQ WKH FRKHVLYH HOHPHQW >@ 7KH ILUVW DSSURDFK LV
QRUPDOO\HPSOR\HGZKHQWKHWKLFNQHVVRIWKHDGKHVLYHSKDVH
LV ILQLWH DQG FDQ EH FKDUDFWHULVHG E\ FRQYHQWLRQDO
PDWHULDOGDPDJHPRGHOV+HUHHOHPHQWIDLOXUHXQGHUWHQVLRQ
FRPSUHVVLRQDQGVKHDUFRQGLWLRQVFDQEHVLPXODWHG
&RQYHUVHO\ ZKHQ WKH DGKHVLYH SKDVH WKLFNQHVV LV
QHJOLJLEO\ VPDOO W\SLFDOO\ QHDU RU HTXDO WR ]HUR
PLFURPHFKDQLFDO EDVHG PRGHOV LQFRUSRUDWLQJ ]HUR WKLFNQHVV
FRKHVLYH HOHPHQWV DUH JHQHUDOO\ DSSOLHG VXFK DV IRU WKH
PDWUL[ILEUHLQWHUIDFHLQ&)53FRPSRVLWHPDWHULDOV+RZHYHU
WKH FRQYHQWLRQDO WUDFWLRQVHSDUDWLRQ ODZ LQKHUHQW ZLWKLQ
FRKHVLYH HOHPHQWV RQO\ DFFRPPRGDWHV IDLOXUH XQGHU WHQVLRQ
DQGVKHDUEHKDYLRXU)RU WKHSUHVHQWZRUNDQRYHOFRKHVLYH
]RQHPRGHOEDVHGRQH[WHQGLQJWKHWUDFWLRQVHSDUDWLRQODZRI
WKHFRKHVLYHHOHPHQWV WRLQFOXGHUHVSRQVHDQGGDPDJHXQGHU
FRPSUHVVLRQ ZDV GHYHORSHG 7KLV ZDV DFKLHYHG E\
LQWURGXFLQJ D VPDOO WKLFNQHVV  PP IRU HDFK FRKHVLYH
HOHPHQW WRDOORZ WKLQQLQJGXH WR ORDGLQJDQG LWVEHKDYLRXU
LQFRUSRUDWHG LQWR WKH )(PRGHO YLD D EHVSRNH XVHU PDWHULDO
VXEURXWLQH980$7
)RU D WZRGLPHQVLRQDO PRGHO WKH FRKHVLYH HOHPHQWV
SRVVHVVWZRFRPSRQHQWVRIVHSDUDWLRQZKLFKDFWQRUPDODQG
SDUDOOHOWRWKHHOHPHQW,QWKHIRUPHUWKHPHFKDQLFDOUHVSRQVH
GXH WR FRPSUHVVLRQ DQG WHQVLRQ HIIHFWV DV D IXQFWLRQ RI
GLVSODFHPHQW YDULHG DFFRUGLQJ WR WKH GLVWULEXWLRQ LOOXVWUDWHG
LQ)LJ


)LJ0HFKDQLFDOFRQVWLWXWLYHUHVSRQVHRIFRKHVLYHHOHPHQWVXQGHUWHQVLOH
DQGFRPSUHVVLYHORDGVLPSOHPHQWHGYLD980$7VXEURXWLQH
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,Q FRQWUDVW VKHDU VWUHVV YDULDWLRQ ZLWK UHVSHFW WR
GLVSODFHPHQW LQ WKH FRKHVLYH HOHPHQWV DFWLQJ LQ WKHSDUDOOHO
GLUHFWLRQ ZDV HTXLYDOHQW IRU ERWK SRVLWLYH DQG QHJDWLYH
YDOXHVDVVKRZQLQ)LJ7KHVWUHVVUHVSRQVHRIWKHFRKHVLYH
HOHPHQWVLQWHUIDFH UHJLRQ GHWDLOHG LQ )LJV  DQG  DUH
IXQFWLRQVRIWKUHHSULQFLSDOSDUDPHWHUVZKLFKDUH
x 3HQDOW\VWLIIQHVV
x 6WUHVVRUGLVSODFHPHQWDWWKHGDPDJHLQLWLDWLRQ
x )UDFWXUHHQHUJ\

5HJDUGOHVV RI WKH ORDGLQJ FRQGLWLRQ WKH PHFKDQLFDO VWUHVV
FRQVWLWXWLYHUHVSRQVHFDQEHGLYLGHGLQWRWKUHHGLVWLQFWUHJLRQV
WDNLQJLQWRDFFRXQWWKHHODVWLFEHKDYLRXUDQGPDWHULDOVWUHQJWK
GHJUDGDWLRQWRIDLOXUHDVGHVFULEHGLQ(T



  




)LJ0HFKDQLFDOFRQVWLWXWLYHUHVSRQVHRIFRKHVLYHHOHPHQWVXQGHUVKHDU
ORDGVLPSOHPHQWHGYLD980$7VXEURXWLQH
7KH IUDFWXUH HQHUJ\ UHSUHVHQWV WKH DUHD EHORZ WKH VWUHVV
GLVSODFHPHQW FXUYH EHWZHHQ WKH RULJLQ DQG IDLOXUH SRLQW įI
&RUUHVSRQGLQJ VWUDLQVH WHQVLOH FRPSUHVVLYH DQG VKHDU DUH
UHODWHG WRGLVSODFHPHQW E\PHDQV RI(T  DQG(T ZKHUH
WKH FRQVWLWXWLYH WKLFNQHVV 7R LV DVVXPHG WR EH XQLW\ ZKLOH W
DQG F LQGLFDWHV WHQVLOH DQG FRPSUHVVLYH EHKDYLRXU
UHVSHFWLYHO\


  
 


  


7KHPHFKDQLFDOFRQVWLWXWLYHUHVSRQVHLVLQLWLDOO\FRPSRVHG
RI OLQHDUHODVWLFEHKDYLRXU SRLQW LQERWK)LJDQG)LJ
XS WR WKH PRPHQW RI GDPDJH LQLWLDWLRQ SRLQW  ZKLFK LV
GHVFULEHGLQ(T


  


ZKHUH W DQGH UHSUHVHQWWKHVWUHVVYHFWRUVWLIIQHVVPDWUL[
DQG VWUDLQ YHFWRU UHVSHFWLYHO\ $W WKH RQVHW RI ZRUNSLHFH
GDPDJHGHJUDGDWLRQRIWKHDGKHVLYHSKDVHLVUHSUHVHQWHGE\D
UHGXFWLRQ RI LWV VWLIIQHVV SURSHUW\ SRLQW  DFFRUGLQJ WR
UHODWLRQVKLSLQ(T

  
 
$VFDODUGDPDJHYDULDEOHLVLQWURGXFHGIRUHDFKPRGH
RI IDLOXUHE\FRQVLGHULQJD OLQHDUGDPDJHHYROXWLRQEDVHGRQ
WKHIRUPXODE\&DPDQKRDQG'DYLOD>@ZKLFKLVH[SUHVVHG
E\(T
 

  


ZKHUH                DQG         UHSUHVHQW WKHGLVSODFHPHQWDW
GDPDJH LQLWLDWLRQ GLVSODFHPHQW DW IDLOXUH DQG PD[LPXP
GLVSODFHPHQWRYHUWKHDQDO\VLVGXUDWLRQUHVSHFWLYHO\+RZHYHU
WKH WHQVLOH FRPSUHVVLRQ DQG VKHDU VWUHVV UHVSRQVHV ZHUH
XQFRXSOHGDQGFRQVLGHUHGVHSDUDWHO\7KHVHJPHQWVDQG
GHWDLOHG LQ )LJ  DV ZHOO DV  LQ )LJ  UHSUHVHQW WKH
XQORDGLQJ VWDJH RI WKH FRKHVLYH HOHPHQWV IROORZLQJ WKH
LQFHSWLRQ RI GDPDJH 2QFH GLVSODFHPHQW UHDFKHV WKH FULWLFDO
IDLOXUHYDOXHWKHHOHPHQWLVGHOHWHG
3. Results and discussion 
)LJVKRZV WKHSUHGLFWHGFXWWLQJIRUFHV IURPWKHFXUUHQW
)( VLPXODWLRQ LQFRUSRUDWLQJ WKH QRYHO FRKHVLYH ]RQH
UHODWLRQVKLS FRPSDUHG DJDLQVW FRUUHVSRQGLQJ H[SHULPHQWDO
DQGQXPHULFDO)( UHVXOWV UHSRUWHGE\&DO]DGDHW DO >@7KH
H[SHULPHQWDOGDWD UHYHDOHGD UHGXFWLRQ LQFXWWLQJIRUFHVZLWK
LQFUHDVLQJ ILEUH RULHQWDWLRQ IURP  WR  7KH SUHGLFWHG
FXWWLQJ IRUFHVREWDLQHG IURPERWK WKHSUHVHQW VLPXODWLRQDQG
QXPHULFDO )( UHVXOWV LQ WKH OLWHUDWXUH >@ VKRZHG HTXLYDOHQW
WUHQGV DQG H[KLELWHG FORVH DJUHHPHQW WR WKH H[SHULPHQWDO
YDOXHV IRU ILEUH DQJOHV RI  DQG  EXW ZHUH
XQGHUHVWLPDWHGIRUWKRVHRULHQWHGDW,QFRQWUDVWWKHWUHQG
LQSUHGLFWHG WKUXVW IRUFH XVLQJ WKHQHZFRKHVLYH]RQHPRGHO
VKRZHG D PLQLPXP IRU WKH  RULHQWHG &)53 ZRUNSLHFH
ZKLFKFRQWUDGLFWHGERWKWKHH[SHULPHQWDODQGQXPHULFDOGDWD
RXWOLQHG E\ &DO]DGD HW DO >@ ZKHUH IRUFHV GHFUHDVHG ZLWK
ODUJHU ILEUH RULHQWDWLRQV VHH )LJ  +RZHYHU WKUXVW IRUFHV
ZHUHXQGHUSUHGLFWHGE\XSWRaLQERWK)(PRGHOVZKHQ
FXWWLQJZRUNSLHFHVZLWKDQGILEUHGLUHFWLRQV7KLVZDV
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PRVWOLNHO\DWWULEXWHGWRWKHIDLOXUHDQGVXEVHTXHQWGHOHWLRQRI
HOHPHQWV GXULQJ WKH DQDO\VLV DORQJ WKH FXWWLQJ SDWK WKHUHE\
FDXVLQJDUHOD[DWLRQLQWKHIRUFHFRPSRQHQWGXHWRWKHORVVRI
FRQWDFWEHWZHHQWKHWRRODQGZRUNSLHFH


)LJ&RPSDULVRQEHWZHHQH[SHULPHQWDODQGSUHGLFWHGFXWWLQJIRUFHVDW
GLIIHUHQWILEUHRULHQWDWLRQV

)LJ&RPSDULVRQEHWZHHQH[SHULPHQWDODQGSUHGLFWHGWKUXVWIRUFHVDW
GLIIHUHQWILEUHRULHQWDWLRQV
)LJVKRZV WKHSUHGLFWHGIDLOXUHPRGHVREVHUYHGIRU WKH
GLIIHUHQW &)53 ILEUH RULHQWDWLRQV IROORZLQJ RUWKRJRQDO
PDFKLQLQJ )RU WKH  ILEUH RULHQWDWLRQ VKRZQ LQ )LJ D
WKH IDLOXUH PRGH FRPSULVHG RQO\ D VLQJOH IUDFWXUH VLWXDWHG
DKHDGRIWKHWRROZLWKGDPDJHSULQFLSDOO\FDXVHGE\VKHDULQJ
UDWKHU WKDQ EHQGLQJ VWUHVVHV 6XEVXUIDFH GDPDJH LQ WHUPV RI
GHERQGLQJ DQG PDWUL[ IDLOXUH ZDV DOVR HYLGHQW &RQYHUVHO\
ILEUHV LQ WKH  GLUHFWLRQ ZHUH VXEMHFW WR PXOWLIUDFWXUH
GDPDJHZKLFKRFFXUUHGSULPDULO\ LQ WZRGLIIHUHQW ORFDWLRQV
VHH)LJE7KHILUVWIUDFWXUHRFFXUUHGDWDSSUR[LPDWHO\WKH
GHSWK RI FXW UHJLRQ ZKLFK LQLWLDWHG DW WKH SRLQW RI FRQWDFW
EHWZHHQ WKH WRRO DQG ZRUNSLHFH $V PDFKLQLQJ SURJUHVVHG
WKH IUDFWXUHFRQWLQXHG WRSURSDJDWH WKURXJK VXFFHVVLYH ILEUHV
DKHDG RI WKH WRRO DORQJ WKH FXWWLQJ SODQH 7KH VHFRQG FUDFN
FRPPHQFHG EHORZ WKH FXWWLQJ SDWK GXH WR EHQGLQJ VWUHVVHV
IURPWKHFXWWLQJRSHUDWLRQ+HUHGDPDJHSURSDJDWHGWRZDUGV
WKHFXWWLQJSODQHDORQJ WKH ILEUHV$V WKHPDWUL[UHSUHVHQWVD
ZHDNHU SKDVH RI WKH PDWHULDO IDLOXUH ZDV SULPDULO\ GXH WR
FRPSUHVVLYHVWUHVVHVIURPWKHVXUURXQGLQJILEUHV
:LWK UHJDUG WR WKH  ILEUH RULHQWDWLRQ GHWDLOHG LQ )LJ
FWKHILUVWILEUHZDVVHHQWRXQGHUJRGDPDJHDKHDGRIWKH
WRRODERYHWKHFXWWLQJSODQH$VFXWWLQJSURJUHVVHVVHFWLRQVRI
WKHILUVWDQGVHFRQGILEUHFRPHLQWRFRQWDFWDVWKHPDWUL[OD\HU
EHWZHHQ WKHP IDLOV 7KH VHFRQG ILEUH VWDUWV WR GHIRUP XQGHU
EHQGLQJ IROORZHGE\ WKHPDWUL[SKDVHZLWKLQ WKH VXEVXUIDFH
FDXVLQJVHSDUDWLRQEHWZHHQ WKHPDWUL[DQG ILUVW ILEUH OHDGLQJ
WRVXEVWDQWLDOGDPDJHEHQHDWKWKHFXWWLQJSODQH7KHSUHGLFWHG
GDPDJHPRGHVLQHDFKRIWKHGLIIHUHQWILEUHRULHQWDWLRQVZHUH
ODUJHO\ VLPLODU WR FRUUHVSRQGLQJ H[SHULPHQWDO KLJK VSHHG
YLGHRLPDJHU\UHSRUWHGE\&DO]DGDHWDO>@


)LJ)DLOXUHPRGHIRUDEDQGFILEUHRULHQWDWLRQV
)LJ  VKRZV WKH VLPXODWHG GHERQGLQJ GDPDJH XVLQJ WKH
QHZLQWHUIDFHPRGHOZKHQPDFKLQLQJWKHRULHQWHGILEUHV
&RKHVLYH HOHPHQW GHOHWLRQ ZDV SULPDULO\ WULJJHUHG E\
FRPSUHVVLYH ORDGLQJDW WKH LQWHUIDFHGXULQJFXWWLQJ7KH WRRO
SXVKHGWKHILEUHWRZDUGVWKHPDWUL[OHDGLQJWRDFRPSUHVVLYH
IRUFHZKLFKDFWVRQWKHLQWHUIDFLDOHOHPHQWVDVVKRZQLQ)LJ
 7KH UHVXOW GHPRQVWUDWHV WKDW DQ LQWHUIDFLDO PRGHO
FRQVLGHULQJRQO\WHQVLOHDQGVKHDUEHKDYLRXULVQRWVXIILFLHQW
WRDFFXUDWHO\VLPXODWHZRUNSLHFHVXEVXUIDFHGDPDJH


)LJ'HERQGLQJVLPXODWLRQIRUILEUHRULHQWDWLRQ
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4. Conclusions 
$ ' ILQLWH HOHPHQW PRGHO LQFRUSRUDWLQJ D QHZ PDWUL[
ILEUH LQWHUIDFH GDPDJH FRQVWLWXWLYH UHODWLRQVKLS WKDW DOORZV
FRKHVLYHHOHPHQWVWRIDLOXQGHUFRPSUHVVLRQDVZHOODVWHQVLRQ
DQG VKHDU ZDV GHYHORSHG WR VLPXODWH RUWKRJRQDO FXWWLQJ RI
8'&)53 FRPSRVLWH PDWHULDO 'LIIHUHQW ILEUH RULHQWDWLRQV
ZHUHFRQVLGHUHGZLWKWKHPRGHOYDOLGDWHGLQWHUPVRIFXWWLQJ
DQG WKUXVW IRUFHV DV ZHOO DV FKLS IRUPDWLRQ PHFKDQLVPV
DJDLQVWSXEOLVKHGH[SHULPHQWDODQGQXPHULFDOGDWD:KLOHWKH
SUHGLFWHG FXWWLQJ IRUFHV VKRZHG FORVH DJUHHPHQW ZLWK
H[SHULPHQWDO UHVXOWV WKH WKUXVW IRUFHV ZHUH JHQHUDOO\
XQGHUHVWLPDWHG)XUWKHUPRUHWKHVLPXODWHGIDLOXUHPRGHVDQG
FKLS IRUPDWLRQ PHFKDQLVPV JHQHUDOO\ DJUHH ZLWK UHSRUWHG
H[SHULPHQWDOKLJKVSHHGFDPHUDLPDJHVLQYROYLQJRUWKRJRQDO
FXWWLQJ RI &)53 LQ WKH OLWHUDWXUH 7KH UHVXOWV LQGLFDWH WKDW
FRPSUHVVLYH IDLOXUH DW WKH LQWHUIDFH PXVW EH FRQVLGHUHG LQ
QXPHULFDO PRGHOV LQ RUGHU WR DFKLHYH DFFXUDWH VXEVXUIDFH
GDPDJH SUHGLFWLRQ )XWXUH ZRUN WR GHYHORS WKH PRGHO ZLOO
LQYROYH LQGHSWK H[SHULPHQWDO WULDOV SHUIRUPHG LQKRXVH WR
DQDO\VH WKH GHERQGLQJ PHFKDQLVP EHWZHHQ WKH ILEUH DQG
PDWUL[ SKDVHV LQ RUGHU WR LPSURYH WKH GDPDJH FULWHULRQ DQG
EHWWHU VLPXODWHZRUNSLHFHGHIHFWV IROORZLQJPDFKLQLQJ7KLV
ZLOODOVRHQDEOHYDOLGDWLRQRIWKHFRKHVLYH]RQHPRGHO0HVK
VL]H VHQVLWLYLW\ DQDO\VLV WR DVVHVV LWV HIIHFWV RQ PDFKLQLQJ
EHKDYLRXU ZLOO DOVR EH FDUULHG RXW $GGLWLRQDOO\ &)53
FRPSRVLWHVZLWKGLIIHUHQW ILEUHRULHQWDWLRQVZLOOEHHYDOXDWHG
WRIXUWKHUYHULI\WKHPRGHO
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